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The physical and electronic structure of the dispersed and (232) phases of K/graphite have been charac-
terized by valence and core-level photoemission. Charge transfer from K to graphite is found to occur at all
coverages, and includes transfer of charge to the second graphite layer. A rigid band description is reasonably
successful in describing important aspects of the data, and our results are consistent with a shift of approxi-
mately 0.4 eV in the surface graphite layer for both phases. The C 1s line shape and binding-energy shift as
a function of charge transfer can be understood qualitatively by taking into account rigid band effects and the
effects of a core hole on the density of states. For the ~232! phase the metallic overlayer contributes extrinsic
satellites to the C 1s line shape. The K 3p spectrum is strongly affected by the overlayer phase, and in addition
indicates very little variation in the substrate charge distribution as a function of coverage in the dispersed
phase. The lack of an interface K 3p binding-energy shift for a K bilayer or multilayer is ascribed to a weak
K-graphite bond for metallic overlayers. The results have implications for the interpretation of photoelectron
spectra of alkali graphite intercalation compounds ~GIC’s!. @S0163-1829~99!09111-0#I. INTRODUCTION
The characteristics of alkali metals adsorbed on metal
substrates have been studied for a long time, mainly because
the relatively simple electronic structure of the alkalis makes
these systems attractive as simple models for chemisorption.1
Despite the apparent simplicity, however, the nature of the
alkali-substrate bond has been a long-standing question
which is still under consideration ~see, e.g., Ref. 2 and ref-
erences therein!.
A subclass of these studies concerns alkali adsorption on
graphite. Graphite is a semimetal with very low density of
states ~DOS! around the Fermi level (EF). It is often re-
garded as a prototypical layered crystal, since the interlayer
distance (3.35 Å) is much larger than the intralayer C-C
distance (1.42 Å). This is because the carbon 2s and 2p
orbitals form in-plane sp2 hybrids, which leads to strong,
covalent s bonds and out-of-plane lone-pair pz hybrids
which form delocalized intralayer and weak interlayer p
bonds. Graphite thus has a pronounced two-dimensional
electronic structure, which makes it a particularly interesting
choice as a substrate in alkali adsorption studies. In addition,
the ordered phase of K on the graphite basal plane is acces-
sible to band-structure calculations.
Another motivation for the present work is the many stud-
ies of graphite intercalation compounds ~GIC’s!:3–5 If their
mobility is sufficiently high, foreign atoms ~intercalants! can
move into the bulk and, in particular, form ordered structures
between the graphite layers. Depending on the electronega-
tivity of these atoms, it is common to divide the resulting
compounds into acceptor ~electronegative intercalants! and
donor ~electropositive intercalants! compounds, which refers
to whether charge is withdrawn from or transferred to the
graphite, respectively. The electronic properties of the graph-
ite may change considerably due to the intercalants; it is forPRB 590163-1829/99/59~12!/8292~13!/$15.00example found that the electric conductivity along the planes
increases dramatically ~see Ref. 6 and references therein!. A
key to understanding the GIC’s lies in connecting structural
and electronic properties, and one approach to this issue is to
study the corresponding overlayer systems. It is also worth
pointing out that similar electronic and structural aspects oc-
cur for the interesting alkali-C60 compounds, whose trans-
port properties are often compared to those of intercalated
graphite, and which, like the GIC’s, are superconducting but
at relatively higher temperatures ~see, e.g., Ref. 7!.
For the case of K/graphite, by means of a combination of
one-dimensional low-energy electron diffraction ~LEED! and
electron energy loss spectroscopy ~EELS!, many details on
the coverage-dependent behavior have been revealed:8–11
low coverages can be prepared wherein the K atoms are
partly ionized and distributed uniformly on the surface due to
dipole-dipole interactions. With increasing coverage, the
overlayer compresses uniformly until a critical coverage (Q)
of 0.1 monolayer ~ML! is reached. Coverages below this
limit will hereafter be referred to as a dispersed phase,
whereas the critical coverage itself ~0.1 ML! will be denoted
a saturated ~fully developed! dispersed phase. At 0.1 ML the
potassium roughly forms a (737) overlayer.8
Above 0.1 ML, (232) islands start to nucleate, coexist-
ing with and replacing the dispersed phase until the (232)
overlayer is fully developed, i.e., a complete phase transfor-
mation takes place. The region between 0.1 and 1 ML will
be referred to as a mixed phase. Previous LEED work12 had
identified the (232) phase, and also suggested that a (A3
3A3)R30° phase is formed at higher coverage. To our
knowledge this last phase has not been confirmed in any
other studies, and the (232) phase will be considered here
as corresponding to Q51 ML.
The temperature is a critical parameter in these experi-
ments. For example, above 50 K the mobility of the K at-8292 ©1999 The American Physical Society
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cause intercalation.11 On the other hand, lower temperatures
(30 K) hinder adjustments to the dipole-dipole repulsion be-
tween the K atoms, which leads to nonuniform distributions.8
In the case of multilayers, it was found that the overlayer
intercalated at temperatures above approximately 150 K. No
estimation of the critical temperature for intercalation was
performed on the (232) phase in Ref. 11, however.
Apart from the geometrical information, electronic struc-
ture information was obtained8,9 by monitoring electronic ex-
citations at the different coverages. At coverages in the dis-
persed regime, a characteristic graphite surface charge carrier
plasmon was seen, whose energy increased monotonically
with coverage up to 0.1 ML. In the mixed-phase region
(0.1–1 ML), the charge carrier plasmon energy was found
to stay constant at 0.32 eV, whereas the intensity decreased
until it vanished completely9 at 1 ML. However, new elec-
tronic excitations appeared at 0.1 ML, with energies of
1.2,1.5, and 2.2 eV, which partly vanished8 at 1 ML. At
1 ML a broad feature between approximately 0.5 and
1.2 eV was clearly seen, together with yet another feature at
2.7 eV.
The interpretation given for the evolution of electronic
excitations noted above is in brief the following: the graphite
surface charge carrier plasmon in the dispersed phase in-
creases in energy because more and more charge is trans-
ferred from the K overlayer into the graphite. The 1.2, 1.5,
and 2.2 eV EELS loss features in the mixed-phase region
were attributed to atomiclike excitations in K atoms situated
at the edges of (232) islands, which would explain their
partial disappearance at 1 ML. No explanation for the broad
feature between 0.5 and 1.2 eV at 1 ML coverage was
given, however. Finally, the disappearance of the 0.32 eV
plasmon at 1 ML was suggested to be due to the withdrawal
of charge back to the K overlayer when forming the (2
32) phase.8,10 This phase has metallic character, because the
2.7 eV plasmon can be interpreted as a metallic K surface
plasmon, in accord with previous EELS studies of solid13 K.
There are only a few photoemission studies of K/graphite,
to our knowledge. In Refs. 14–16, both x-ray and angle-
resolved ultraviolet photoemission ~XPS and ARUPS, re-
spectively! were applied to the C 1s and K 2p levels and the
valence bands. No trace of a metallic K 4s band in the (2
32) phase was seen in the XP valence spectra based on
cross-section arguments. On the other hand, an enhancement
below the Fermi level was seen in the UP spectra which was
attributed to graphite p bands. These results thus indicated a
complete charge transfer to the graphite in the (232) phase,
in contradiction to the EELS results reviewed above. The
temperature in the photoemission experiments was 110 K,
however, at which intercalation would have occurred to a
significant extent.
In this paper, we present photoemission results for
K/graphite with coverages ranging from the dispersed phase
regime to the (232) phase. The effects on both the potas-
sium and the graphite have been traced by measuring the C
1s , K 3p , and valence levels. The motivation is mainly to
investigate the discrepancies among the experiments already
mentioned, and to reveal new aspects of the influence of
potassium on graphite. We will also compare our conclu-
sions for this system with previous results obtained forpotassium-based GIC’s, and discuss possible alternative ex-
planations for the relevant work in that area, taking advan-
tage of the present well-characterized surface.
A central issue in our discussion of the results is the so-
called ‘‘rigid band model.’’ This is a simple model in which
the interaction between graphite and an adsorbate or intercal-
ant is limited to charge donation or removal by the atom,
without other influences on the graphite bands, i.e., there is a
type of idealized ionic bond. For example, if electropositive
atoms such as the alkalis were to be placed on the graphite
surface, it would be assumed that they would donate a frac-
tion of their charge into the empty density of states ~DOS!
above EF . Since the DOS is so shallow, the position of EF
in the DOS will move substantially upwards due to the
charge transfer, even when the total amount of the donated
charge is small. The model thus offers a way to understand
observed binding-energy shifts, estimate the amount of trans-
ferred charge, etc., and is therefore often discussed in studies
on GIC’s2,17–19 and alkali/graphite10,15 systems. However,
the nature of the alkali-substrate bond is still under debate,2
as is the alkali-graphite bonding in GIC’s,20 where especially
the question of where the charge actually resides is still an
open one. Therefore, we employ the rigid band model as an
approximation which is attractive because of its simplicity
and easy applicability. Our approach is described in more
detail at the end of Sec. III A 2.
II. EXPERIMENT
Photelectron spectroscopy ~PES! measurements of the C
1s and K 3p levels, as well as of the graphite valence band,
were performed at Max I, the Swedish synchrotron radiation
facility in Lund, using a modified SX-700 monochromator
and a hemispherical analyzer of Scienta type.21 The sample
preparation chamber had a base pressure of 1
310210 Torr, and the measurement chamber had an operat-
ing pressure of (728)310211 Torr. The resolution was set
to 0.2 eV for the K 3p spectra and 0.3 eV for the C 1s and
valence spectra. All the data presented here were taken with
the photons incident at 40° and electrons emitted at 0° with
respect to the surface normal.
Separate measurements on the valence levels together
with angle-resolved XPS measurements of the C 1s level
were carried out in Uppsala. The experimental system con-
sists of two interconnected UHV chambers, one for sample
preparation and one housing the spectrometer. Both cham-
bers had a base pressure of (122)310210 Torr. The spec-
trometer is based on a rotating anode yielding Al Ka radia-
tion (1486.6 eV) and a hemispherical electron analyzer
~mean radius 360 mm! together with a multichannel detector
system.22 A He gas discharge lamp was also used, providing
He IIa radiation (40.8 eV). The resolution for the Al Ka
valence spectra was 0.8 eV, whereas it was 0.4 eV for the
He IIa valence spectra. Furthermore, it varied between 0.3
and 0.5 eV for the angle-resolved C 1s measurements.
The highly oriented pyrolytic graphite ~HOPG! sample
was mounted on a copper block, which was connected to the
cold finger of a liquid He cryostat. The temperature was
measured with a Chromel-Constantan thermocouple, and
sample temperatures as low as 25 K could be achieved as
confirmed by Ar adsorption/desorption. The graphite was
8294 PRB 59P. BENNICH et al.cleaned by resistive heating: a large current was forced to
pass perpendicularly to the graphite planes to take advantage
of the 100-times-larger resistance in this direction.23 C 1s
spectra were recorded to check for potassium residues since
the binding energy and line shape of this level are extremely
sensitive to whether potassium is present or not ~see Sec.
III C!. O 1s spectra were also recorded to ensure that no
oxygen was present.
K overlayers were prepared by evaporating potassium us-
ing a well-outgassed commercial getter source ~SAES!,
while keeping the graphite substrate at 90 K. Immediately
after reaching the desired coverage @dispersed or (232)],
the sample was cooled down and thereafter held at 25 K.
The elevated temperature during evaporation is necessary to
obtain a mobility high enough to allow the single K atoms to
spread out uniformly on the surface without forming (2
32) islands, while the lower post preparation temperature is
necessary to avoid intercalation.8 However, the probability
for coadsorption of atoms or molecules ~especially oxygen-
containing species! from the residual gas at this temperature
is non-negligible, and the overlayer was therefore checked
regularly to avoid measurements on contaminated prepara-
tions. From elaborate growth studies it was found that the
different phases are characterized by distinctive C 1s , K 3p ,




1. Extended region; 0–30 eV
In this section we will discuss the different features ob-
served in the valence photoemission data, and interpret dif-
ferences between the phases in terms of modifications due to
the overlayer, together with possible binding-energy shifts of
the whole valence region. The shifts will be connected later
to the discussion of observed binding-energy shifts for the C
1s level.
Figure 1 displays the valence band for clean graphite and
for the dispersed and (232) phases. The spectrum for clean
graphite has a characteristic appearance, dominated by the s
band centered at 21.2 eV and the p band centered at
7.5 eV. Furthermore, there is vanishing intensity at EF in
accordance with the semimetallic character of graphite.
Turning next to the dispersed phase, we see that the shape of
the s band has changed somewhat and is slightly broader;
this is caused by the K 3p level, which starts to appear in
this energy region. The shape of the p band is, on the other
hand, essentially unchanged, and a comparison with the p
band in the clean spectrum reveals a shift of 0.4 eV towards
higher binding energy.
Finally, in the (232) phase the s and p bands are con-
siderably broader, with an asymmetry to higher binding en-
ergy. The peak maxima are apparently shifted to 21.7 eV
and 8.4 eV, respectively. A shoulder is visible at around
25 eV. Two new features appear at 18.5 and 1 eV, respec-
tively, and a cutoff at EF is now clearly seen. The 18.5 eV
peak is the K 3p level, now fully developed, and will be
discussed in detail in Sec. III B. The next section ~Sec.
III A 2! deals with the origin of the enhancement in the vi-cinity of the Fermi level. The rest of this section will focus
on the shape of the valence band for the (232) phase.
As mentioned in the Introduction, the metallic character
of the (232) phase manifests itself in EELS as a loss peak
at 2.7 eV ~K surface plasmon! and a broad feature at
0.5–1.2 eV ~of more uncertain origin!. A detailed compari-
son of the clean and (232) valence spectra in the regions of
the band maxima leads us to conclude that the high-energy
asymmetries are most likely due to these loss peaks within
the overlayer, a combination of so-called extrinsic and intrin-
sic loss peaks associated with the graphite photoemission.
The ‘‘parent’’ peaks are thus the graphite valence band itself
and the K 3p peaks at 18.5 eV. Such loss features in the C
1s spectrum are discussed in Sec. III C.
Hence, the overall shape is very different compared to the
clean graphite spectrum, and this makes it difficult to deduce
any possible binding-energy shift between the clean and (2
32) situations. Nevertheless, examination of the spectra in
the vicinity of the Fermi level reveals that there is a plateau-
like feature with an onset at 3.3 eV, which, although
weaker, remains after K deposition. The monotonic intensity
increase, from EF up to the beginning of the plateau, limits
significant effects of extrinsic loss features to the high-
energy side of the plateau, which becomes smeared out for
the (232) phase. Therefore, a comparison was made be-
tween the clean and the (232) spectrum in the region from
EF to the ridge of the plateau ~indicated in the inset of Fig.
1!, and from this we deduce a shift of 0.460.1 eV. This
implies that the binding-energy shifts with respect to clean
graphite for the valence bands in both the saturated dispersed
and the (232) phase are the same to within an uncertainty
FIG. 1. Valence PES region for the indicated samples. The ver-
tical line indicates the shift of the feature at 3 eV for clean graphite
as a function of K phase, and the inset shows a detailed comparison
of the data for the indicated samples.
PRB 59 8295PHOTOEMISSION STUDY OF K ON GRAPHITEof 0.1 eV. This suggests a significant charge transfer from
the (232) layer to the graphite substrate, which we will
discuss in more detail in Sec. III C.
2. Near-Fermi-level region; 0–2 eV
The enhancement just below EF for the (232) phase in
Fig. 1 bears on the question of charge transfer, as mentioned
in the Introduction. It is therefore interesting to further inves-
tigate to what extent the observations can be explained in
terms of a rigid bandlike filling, or if they are due to a more
complex potassium-induced modification of the band struc-
ture. The bands around the Fermi level for pure graphite
have C 2p character. We can then describe the observed
states at EF for the adsorbate systems as predominantly K 4s
and/or C 2p in character, and this is the question we will
now address.
We utilize the fact that the C 2p and K 4s levels have
different photon-energy-dependent cross sections, a fact
which has been used previously in a study of GIC’s,24 and in
the photoemission studies previously mentioned.15 In par-
ticular, the theoretical25 cross section at a photon energy of
1487 eV for the K 4s level is sufficiently high to allow it to
be detected if present, whereas the cross section is nearly five
times less for C 2p states. The cross section for the C 2p
level increases gradually with lower photon energy, and be-
comes large enough in the uv region to allow changes near
the Fermi level to be detected. With this in mind, we re-
corded the valence region near EF at three different photon
energies for clean graphite and the dispersed and (232) K
phases.
The spectra are displayed in Fig. 2, in which each set
FIG. 2. Valence-band photoelectron spectra near EF for the in-
dicated samples, and at the indicated photon energies.contains data for a single photon energy and compares the
different characteristic K coverages. The clean spectra are
included as a background reference for the other data. The
data with hn51487 eV,100 eV, and 40.8 eV have total
energy resolutions of 0.8 eV,0.3 eV, and 0.4 eV, respec-
tively.
In the data taken at 1487 eV, the only spectrum which
displays an enhancement at EF is that for the (232) cover-
age. The cross-section argument thus leads us to conclude
that the (232) phase involves states at EF with significant K
4s character, whereas no K 4s states are seen for the dis-
persed phase. Nothing can be said about the C 2p character,
since the cross section is too low. The data set at hn
5100 eV merely magnifies parts of the spectra shown in
Fig. 1, and again we find that only the (232) spectrum
displays an enhancement at EF . The width of the K-induced
band in these higher-resolution data is around 1 eV. Finally,
the data recorded at hn540.8 eV show an enhancement at
EF for both the (232) and dispersed phases. Combined with
the fact that the dispersed phase shows no EF intensity at
hn51487 eV, we conclude that the K-induced states re-
sponsible for this feature must be of dominantly C 2p char-
acter for the latter phase. A remaining uncertainty after these
measurements is the degree of C 2p character in the (2
32) K-induced Fermi level states, due to interference from
the overlapping K 4s –induced band~s!.
To summarize, the saturated dispersed phase26 displays
an enhancement at the Fermi level which has mainly C 2p
character, whereas the enhancement in the (232) phase has
K 4s and possibly C 2p character. The evidence for the K 4s
character for these states in the (232) phase is in direct
contradiction to the previous photoemission studies.14–16
Thus, our results confirm the picture of a charge transfer
from K to graphite in the dispersed phase and the formation
of a metallic K 4s –derived band in the (232) phase.9 We
stress again that analysis of the near-EF valence data does
not exclude that charge is still donated from the potassium
overlayer to the graphite in the (232) phase.
We also note that the dominating C 2p character in the
40.8 eV dispersed phase spectrum provides the possibility to
directly estimate the band filling due to charge transfer for
the saturated dispersed phase, within the rigid band model.
For this purpose we use the calculated DOS shown in Fig. 3,
and the data in Fig. 2. Based on trial and error the best
agreement was achieved with a truncation of the calculated
DOS at EF10.6 eV combined with a shift of 0.6 eV for
alignment with the experimental spectrum, as shown in Fig.
4. It is useful to note that self-energy effects are found to
increase the bandwidths of pure graphite by about 14%.28
This implies a corrected shift in the present case of
0.5 eV.29 Slightly smaller rigid band shifts are determined
by direct comparisons between data for the clean and doped
surfaces, as discussed in Secs. III A 1 and III C. In order to
convert a binding-energy shift to charge transfer, we inte-
grate the charge in the DOS corresponding to shifting EF by
that much ~see Fig. 3!. We then multiply by the number of C
atoms per K atom, which for the saturated dispersed phase
corresponds to a (737) unit cell as described above, multi-
plied by two atoms per clean-surface unit cell. Thus in the
present case, a 0.5 eV shift implies a charge transfer of 98
8296 PRB 59P. BENNICH et al.30.001850.18e per K atom, which represents the upper
limit of the values we extract from our data for the saturated
dispersed phase; another estimate which confirms this result
is based on the C 1s spectra and is presented in Sec. III C 1.
B. K 3p
Figure 5 shows the K 3p level for five different cover-
ages. The coverages range from less than 1 ML ~a dispersed
and a mixed phase! through one 1 ML @the (232) phase#
FIG. 3. Calculated DOS for clean graphite based on Ref. 27,
used for charge transfer estimations. The ‘‘1st’’ and ‘‘2nd layer
shift’’ correspond to the deduced shifts in Sec. III C 1 a, from
which the charge transfers were calculated. On the other hand, the
labels marked with Q50.1 and 1 ML correspond to the calculated
rigid band shifts at these coverages under the assumption that each
K atom donates exactly one electron.
FIG. 4. Illustration of the procedure used to estimate the rigid
band shift based on the hn540.8 eV spectrum for the saturated
dispersed phase K/graphite ~see Fig. 2! and calculated DOS for
clean graphite ~see Fig. 3!. The calculated DOS was convoluted
with a Gaussian line profile corresponding to the experimental reso-
lution of 0.4 eV. See text for more details.and above ~2 ML and multilayers!. The background due to
the graphite s bands has been estimated from the corre-
sponding clean spectrum, and is subtracted in the two bottom
spectra.
1. K 3p in the dispersed region
In the dispersed phase the K 3p spin-orbit doublet is quite
broad and has a binding energy of roughly
19.4 eV (K3p1/2) and 19.1 eV (K3p3/2), respectively.
Based on the idea that there could be a coverage-dependent
screening of the K 3p emission due to dipole-dipole interac-
tions or other K-K interactions via the charge donated to the
substrate, we have attempted to detect an evolution of the K
3p spectrum as a function of coverage within the dispersed
phase coverage range. However, even for the lowest cover-
ages, where it is possible to see coverage-dependent shifts in
the C 1s line ~see Sec. III C 2!, there is no evidence of a
shifting K 3p line. This suggests that neither the so-called
depolarization effect of neighboring image-potential-induced
dipoles, nor a ‘‘charge pool’’ associated with each K adatom,
has any role in the observed binding energy for coverages
below the dispersed-to-(232) phase transformation. This is
partially consistent with the estimate of Li et al.10 of the
charge transfer per K atom in the dispersed phase, in that
within their model for the graphite charge carrier plasmon
energy this charge transfer was practically constant over the
entire coverage range.
The width of the dispersed phase K 3p spin-orbit doublet
partners is about 400 meV, which is much broader than for
the (232) phase. It is possible to model them as a broad-
ened version of the narrower (232) lines. There are several
possible sources for this increased broadening: ~a! a distribu-
FIG. 5. K 3p PES at the specified coverages.
PRB 59 8297PHOTOEMISSION STUDY OF K ON GRAPHITEtion of neighbor interactions ~dipole-dipole repulsion!, sug-
gested by the distribution of neighbor distances implicit in
the width of the LEED peak for this phase;9 ~b! K-graphite
vibrations; ~c! a distribution of K-graphite interactions, i.e.,
different sites; and/or ~d! lifetime broadening due to hybrid-
ization between the K 3p level and the graphite valence
band.
Alternative ~a! is possible to rule out as the dominant
contribution. To see this, we consider the highest coverage
under the onset of the phase transformation, for which the
width of the LEED line indicates a nearest neighbor distri-
bution of roughly 1462 Å or narrower. Using in our model
the charge transfer of 0.7e suggested by EELS data com-
bined with model calculations,10 the dipole-dipole interac-
tions vary from 25 to 80 meV, with a median of about
45 meV. If we take our own direct estimate of the charge
transfer for this phase @See Sec. III C 1 a# of 0.15e per K
atom, the broadening from this source is less than 20 meV.
We assumed for these estimates a K-graphite distance of
2.75 Å in accord with the calculations of Ref. 30. Thus this
appears to be a quite minor source of spectral broadening.
The role of vibrations ~b! is difficult to estimate quantita-
tively. In order to get a general idea of the effect, one can
assume for the ground state bonding purely via the image
potential, and with a steep exponential barrier for distances
closer to the surface than the ideal. For the ionized case, for
which we assume a charge of one greater than the ground-
state charge transfer, the origin of the potential is assumed to
move closer to the surface by 0.3 Å, which is the change in
ionic radius from K to Ca, the Z11 element. The image
potential is now steeper, so that the potential has a much
larger slope at the ground-state origin point. Numerical esti-
mates based on this crude picture suggest that such vertical
vibrations could easily account for the observed broadening
for reasonable values of the charge transfer.
We tentatively rule out ~c!, since the samples are prepared
at 90 K where the K atoms have high mobility, and move to
sit far apart.9 It is therefore natural to assume that they adopt
the optimum site, which according to theory30 is the hollow
site.31 This was found to be favored by 80 meV over an
on-top site, which was the only other possibility investigated
there. Since this is large compared to the K-K interaction at
all except the very smallest distances found for the dispersed
phase, there is no apparent barrier to the optimization of the
K-graphite interaction. The fact that the width of the K 3p
line is, within experimental accuracy, of the same order of
magnitude throughout the dispersed coverage range supports
this idea, since there is no compensating increase in broad-
ening from other sources.
Evidence for the importance of ~d! for Cs adsorbed on
metals has been reported recently, in which the low binding
energy of the outermost core levels was suggested to lead to
a significant role for the substrate electrons in the decay of
the core hole.32 The substrates in those cases were sp metals
with relatively delocalized and isotropically distributed elec-
trons in the valence band. For graphite, however, the bands
in the relevant energy range have s character, which implies
that they will have minimal interaction with a level localized
on adsorbed K atoms. Thus we tentatively rule out this
source of broadening. We therefore conclude that K-K inter-
actions and K-graphite hybridization contribute a minor frac-tion of the observed broadening in the dispersed phase,
whereas K-graphite vibrations upon photoionization contrib-
ute the dominant fraction.
2. K 3p at higher coverages
a. Mixed phase. In the next spectrum shown in Fig. 5
~mixed phase!, a new K 3p1/2,3/2 spin-orbit doublet is seen at
18.80 and 18.58 eV, respectively. The doublet associated
with the dispersed phase is at the same binding energy as
before. The new doublet is associated with K in the (232)
phase, as is clearly evident from the 1 ML spectrum where
the (232) phase is fully developed, and where no trace of
the dispersed phase remains. The widths of the (232) peaks
are greatly decreased in comparison to the dispersed phase.
The cause of the observed shift is the more efficient metallic
screening in the (232) phase. We note that the coexistence
of the two phases is in accord with EELS findings.9
b. 2 Ml. Figure 5 displays also a spectrum for the 2 ML
situation, for which almost no differences are observed: there
are basically two peaks at the same energies as for 1 ML,
although they are somewhat broader. The virtually identical
binding energies of the two layers may seem surprising,
since one layer is coordinated to graphite and the other has
no bonds in the vacuum direction ~which can be described33
usefully as being coordinated to vacuum!. In terms of
nearest-neighbor distributions the two layers can be viewed
as a surface layer and an interface layer. The results thus
imply that the interface shift is very similar to the surface
core-level shift. This is contrary to the normal situation for
alkalis adsorbed on metal surfaces, as we discuss in more
detail immediately below. Another observation for metallic
interfaces is that the shifts to a rather good approximation are
additive.33 In such a situation one would expect for the
monolayer a peak position which is shifted from the bulk
peak position by the surface shift plus the interface shift.
This is clearly not the case, which indicates that the
K-graphite interaction is significantly altered as the second
layer is deposited. That is, the binding-energy shift expected
due to the change in the environment of the first layer due to
the second layer is apparently compensated for by a change
in the bonding of the first layer to the substrate.
c. Multilayer. In the multilayer case the surface ~and in-
terface! peaks at 18.80 and 18.58 eV are still seen, whereas
a new component appears at 18.32 eV. This is due to the K
3p3/2 level in bulk K. The corresponding K 3p1/2 peak ex-
plains the increased intensity at 18.58 eV when compared to
the 2 ML spectrum. Very similar spectra are obtained for
multilayers of K deposited on metallic substrates.34–37 In
those cases, however, a third doublet is seen at lower binding
energies due to potassium at the interface. The interface shift
of the potassium core levels is thus very different for metal
substrates and for graphite. For metal substrates the shift to
lower binding energies can be explained in terms of repul-
sive contributions to the K-substrate bonding which are re-
laxed for a core ionized site. The fact that the graphite-
induced shift is very similar to the surface core-level shift
indicates that the metal/graphite bonding interaction changes
very little due to the core ionization and/or that it is very
8298 PRB 59P. BENNICH et al.weak, and therefore has a negligible effect on the K 3p bind-
ing energy.
C. C 1s
In this section, the shift and line profile of the C 1s level
will be discussed extensively. As a prelude, Fig. 6 displays
the C 1s line for three situations, namely clean graphite, the
saturated dispersed phase ~0.1 ML!, and the (232) phase ~1
ML!. The spectra are recorded with hn5350 eV and are
normalized to give equal area in the displayed region, except
for the clean graphite spectrum which is divided by an addi-
tional factor of 2. The chosen normalization is arbitrary and
does not reflect any physical property.
The C 1s line for clean graphite has a binding energy of
284.4 eV and a full width at half maximum ~FWHM! of
0.36 eV. The line shape for the saturated dispersed phase is
much broader and has shifted 0.4 eV towards higher binding
energy to 284.8 eV. The spectrum of the (232) phase
shows the same peak shift of 0.4 eV, whereas the spectral
shape is even broader. A shoulder at 285.5 eV and a broad
feature centered at around 287.5 eV are clearly present.
In the following sections we will consider the shift and
line profile of the C 1s level using different approaches, in
an attempt to illuminate the origin of these features. This
includes investigations of the consequences of applying the
rigid band model. We consider the dispersed and (232)
phases separately.
1. C 1s in the dispersed phase
As was seen in Fig. 6, the line profile of the C 1s level
changes considerably when going from clean graphite to the
FIG. 6. C 1s spectra recorded for the indicated samples ~normal
emission!.dispersed phase. At the same time, the peak shifts 0.4 eV
towards higher binding energy. This section deals with the
likely sources for the C 1s line shape and position. We as-
sume that there are three basic contributions to consider: ~a!
contributions from different graphite layers; ~b! different C
sites both within one layer, and/or between different layers;
and ~c! electron-hole pair excitations or other satellite pro-
cesses.
a. Binding energy shift(s) and layer-resolved spectra. In
order to resolve the contributions from different layers, it is
necessary to know the mean free path ~MFP! of the photo-
electrons measured. As is well known, using the MFP, the
intensity from a certain layer can be estimated by an expo-
nential function describing the attenuation. Furthermore, by
angle-resolved measurements it is possible to vary the escape
depth of the photoelectrons, and thus the probe depth. This is
expressed in Eq. ~1!:
In5I0 exp2nx/~l sin f!, ~1!
where In is the intensity from the nth layer, I0 is the total
intensity, x is the interlayer distance, f is the emission angle,
and l is the MFP. We make the implicit assumption that the
surface is atomically smooth.
The C 1s spectra presented so far were recorded with
hn5350 eV, but the MFP for electrons at the corresponding
kinetic energies ~around 65 eV) is very low, and therefore
could not be used for this purpose. However, the MFP mea-
sured for a kinetic energy of 1169 eV was found38 to be 18
Å. With a photon energy of 1487 eV, the kinetic energy of
C 1s electrons is around 1204 eV, and we therefore assume
that the MFP is 18 Å.
With this in mind, we recorded angle-resolved spectra for
the saturated dispersed phase shown in Fig. 7. All spectra are
normalized to equal areas in the shown energy window,
283–289 eV, which was chosen to include most of the line
without entering the region where a graphite p-plasmon loss
peak appears at around 291 eV. It is seen that for decreasing
emission angles, i.e., increasing surface sensitivity, the C 1s
line shape becomes broader and shifts towards higher bind-
ing energy. The resolution of these spectra is poorer than in
the hn5350 eV spectra, and decreases with decreasing
angle. In order to monitor the angle-dependent resolution, we
also recorded angle-resolved spectra for clean graphite ~not
shown!. The clean spectra were also used in the curve fits
described below.
If we assume that the MFP is the same for the dispersed
phase as for clean graphite, Eq. ~1! makes it possible to cal-
culate the contribution of each layer to the total intensity in
each of the angle-resolved spectra. Based on this idea we
carried out a curve fit where two approaches were used.
In the first approach, the 5° spectrum was used as a tem-
plate for the first layer, assuming that it contained intensity
from the first layer only @rather than 90% first layer as ex-
pected using Eq. ~1! with a MFP of 18 Å#. The underlying
~bulk! layers were then modeled with clean spectra as tem-
plates. The intensity for all template spectra was scaled ac-
cording to Eq. ~1!. Briefly, the curve fits indicated ~via the
shift for each layer! that there is a charge transfer to the first
and second layers, whereas our modeling of the data sug-
gests that charge transfer to the third layer is negligible com-
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charge transfer to the second layer, it is not appropriate to
use a clean spectrum as a template, and for this reason a
second curve fit was carried out.
The next level of complexity therefore involved determin-
ing a line shape for the second layer spectrum. In order to
accomplish this with a minimum of model dependence, we
carried out a series of subtractions with different combina-
tions of the 5° and 15° dispersed phase spectra and the 15°
clean spectrum, where the clean spectrum was used as a
template for the unaffected bulk layers ~third layer and be-
yond!.
Equation ~1! indicates that the 5° dispersed spectrum con-
tains intensity from the first ~90%! and second ~10%! layers
only, whereas the 15° spectrum contains about 50% from the
first, 25% from the second, and 25% from the rest of the
layers. By proper renormalization of the spectra ~within the
given energy range of 283–289 eV), the intensity was set
such that the relative amount from the first layer was the
same in both the 5° and the 15° spectra, which allowed a
subtraction that removed this intensity completely. The sub-
tracted spectrum then contained intensity only from the sec-
ond and deeper layers. The intensity of the deeper layers was
then removed by a new subtraction involving the clean 15°
spectrum ~properly normalized!, which gave a subtracted
spectrum containing only intensity from the second layer.
Finally, obtaining the first layer merely required that the ob-
tained second layer spectrum was subtracted from the 5°
spectrum ~after a new normalization!.
It is clear that the relative shifts among the spectra are
important parameters in these manipulations, which makes
FIG. 7. Angle-resolved C 1s spectra for the saturated dispersed
phase at the indicated photon energy. The surface sensitivity in-
creases with decreasing emission angle, indicating that only the
topmost layers are influenced by the potassium.proper energy calibration essential. We estimate the calibra-
tion error to be 60.05 eV, and therefore allowed variations
within this range. The best results from this procedure are
presented in Fig. 8. The first layer has essentially the same
shape as the 5° dispersed spectrum, and has a binding energy
of 284.8 eV. The second layer has a line which is broader
than that of the 15° clean spectrum but narrower than the
first layer spectrum, at a binding energy of 284.6 eV.
Although both the binding energy and detailed line shape
of the second layer should be treated with some skepticism,
there is no doubt that, within the model used to derive Eq.
~1!, the potassium overlayer also influences the second layer.
This is in line with the finite interlayer interaction obtained
in an ab initio density-functional calculation39,40 on pure
graphite, where it was found that the interplanar bonding
consists of both van der Waals forces and a chemical inter-
action of almost equal strength. The latter is described as an
electronic delocalization which gives rise to a small enhance-
ment in the charge density between the layers, i.e., in the z
direction ~where x and y are the in-plane coordinates!.
We can now estimate what the rigid band model yields in
terms of the amount of transferred charge for the saturated
dispersed phase. If we assume that screening effects in the
photoemission process can be excluded ~as we motivate in
detail in the following section!, we can use Figs. 8 and 3 to
derive the charge transfer per C atom using the C 1s shift of
the first and second layer relative to the clean ~or bulk! C 1s
binding energy of 284.4 eV. This yields 0.0012e/C atom for
the first layer ~shift of 0.4 eV) and 0.0003e/C atom for the
second layer ~shift of 0.2 eV), respectively. The DOS shift
FIG. 8. Layer-resolved C 1s spectra for the dispersed phase,
obtained by a subtraction procedure described in the text from the
data in Fig. 7.
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rate analyses of the valence-band data is quite similar to the
first layer C 1s shift derived here, giving us confidence in the
numbers we obtain.
The charge transfer per K atom, which corresponds to the
charge accepted by the graphite as derived here for the satu-
rated dispersed @i.e., (737)# phase, is approximately 98
3(0.0012e10.0003e)50.15e . Interestingly, the C 1s line
does not shift over a wide K coverage range ~except for very
small K coverages, see Sec. III C 2!, implying that the total
charge transfer is constant over most of the coverage range
from 0 –0.1 ML. This suggests that the charge transfer per
K atom goes down as a function of coverage, in qualitative
agreement with the calculated trend,41 but in disagreement
with the muffin-tin occupation of a more recent calculation.42
It also disagrees with EELS results10 where a constant charge
transfer of 0.7e was derived combining the dispersed phase
charge-carrier plasmon energy with model calculations. Fi-
nally, we point out that the absolute value of charge transfer
for the highest density dispersed phase found here using a
rigid band model analysis is well under calculated30,42 values
near 0.3e , though these can be difficult to interpret.42
b. Line shape. Having established that charge is donated
to two graphite layers in the dispersed phase, and that both
layer-resolved C 1s spectra are asymmetric, we next address
the question of the origin of this strong asymmetry. We will
again use spectra recorded with hn5350 eV because the
resolution is higher for these spectra than the XPS spectra
shown in the preceding section. As mentioned, the MFP is
unknown at kinetic energies of around 65 eV, but it is ex-
pected that it is low in accordance with the universal curve of
MFP’s for all elements. It is impossible to achieve a com-
pletely consistent description of the data without a direct
measurement of the mean free path at these relatively low
kinetic energies. There are two salient points to note: ~i! The
first-layer spectrum derived from the angle-resolved XPS
data is quite similar to the 350 eV spectrum, as is the graz-
ing emission XPS spectrum which must be dominated by the
first layer; ~ii! if our model were perfect at XPS kinetic en-
ergies, the lack of a second-layer component in the 350 eV
data suggests that there is a very low mean free path
(,3 Å) for the dispersed phase case. We find that there is
only a weak sensitivity to the mean free path used for the
XPS analysis, varying the value used by 630%. However,
since the low implied value for a kinetic energy of 65 eV is
difficult to justify without experimental proof, a conclusive
test of the accuracy of our model is impossible. Nevertheless,
the basic thesis remains that charge is transferred to the sec-
ond layer.
The asymmetry we observe can either be due to different
carbon sites and/or electron-hole pair excitations. It is tempt-
ing to assume that many sites are involved; this is common
for adsorbates or complex compounds. On the other hand, in
the dispersed phase there are no obvious site distribution
effects seen using other techniques ~see, e.g., Ref. 9 and Fig.
1!. To model or resolve any postulated site effects via curve
fitting is therefore difficult, as there are too many free param-
eters ~e.g., the number of components, line shape, relative
intensity, etc.!.
We suggest instead that the dominant contribution comes
from electron-hole pair ~EHP! excitations, and that the widthof the asymmetry is set primarily by the DOS. In support of
this idea, Fig. 9 displays C 1s spectra for five samples cho-
sen for the degree of charge transfer to the substrate: clean
graphite, 5 and 0.3 L O2 on a prepared (232) phase; an
‘‘unsaturated’’ ~not fully developed! dispersed phase, and a
saturated dispersed phase. The coadsorption systems with
O 2 on (232) K/graphite are taken from Ref. 43, where the
two different doses result in the formation of different K-O
complexes which destroy the (232) overlayer, and, addi-
tionally, withdraw some of the charge from the graphite. In
the 5 L O2 case, there is little charge left. The spectra are
arbitrarily normalized to equal areas in the energy window
shown, and the emission is dominated by the contributions of
the uppermost layers. This figure shows that, as the shift
from the clean C 1s peak position increases, so does the
width. This trend is qualitatively consistent with the rigid
band model as well. In photoemission spectroscopy on core
levels of metals, it is accepted that the typical asymmetry
towards higher binding energy is due to electron-hole pair
excitations. The asymmetry will thus depend on the shape
and magnitude of the DOS near EF . This applies also for
graphite, and it is clear from the rigid band model and the
particular band structure of graphite that when the empty
DOS gradually becomes more filled, the asymmetry of the C
1s line shape will increase due to the increased phase space44
for low-energy electron-hole pairs. Thus we find empirically
that the C 1s XPS asymmetry can be used as an independent
measure of the charge donated to the graphite. We note that
the C 1s line shape and binding-energy shift for the second
graphite layer extracted via angle-resolved XPS is fully con-
sistent with these arguments.
The shoulder at about 285.4 eV in the dispersed phase C
1s XPS line suggests an additional aspect to the shakeup,
i.e., the presence of a discrete or quasidiscrete excitation.
Continuing the discussion from the preceding paragraph, we
FIG. 9. C 1s spectra for samples corresponding to different
charge transfers. The linewidth is seen to be correlated to the bind-
ing energy.
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dominated by transitions from and to strongly relaxed
orbitals.45 As pointed out long ago from a more general
standpoint,46 this means that the large peak found in C 1s
x-ray absorption of graphite just above the edge, which cor-
responds to strongly relaxed states described elsewhere as
excitonic,47–49 should play a dominant role for shakeup as
the Fermi level approaches this feature, which lies at EF
10.9 eV for clean graphite.48,49 C 1s absorption for alkali-
intercalated graphite50,51 as a function of intercalation stage
shows that a rigid band picture positioning of the 1s exciton
is qualitatively correct. In addition, the C 1s XPS line shape
for dispersed K/graphite is difficult to explain as a Doniach-
Sunjic profile, with too much intensity located at around
0.5 eV to higher binding energy than the peak ~see previous
analyses of the clean graphite case, Refs. 46 and 52!.
With these observations in mind, it seems most reason-
able to infer that the graphite 1s exciton is responsible for
the change in the C 1s photoemission line shape with charge
transfer, since as a final state it is moving closer to the main
line. The greater occupied DOS at EF in the ground state
with greater doping would also contribute positively to this
effect. The C 1s binding-energy shift of 0.4 eV for the dis-
persed phase places EF at about 0.5 eV below the exciton in
the rigid band model ~assuming no net extra screening!, as
already noted, which is also quite suggestive. Effects of
screening from other graphite layers are unlikely to be im-
portant, since the screening of a 1s hole ~or N impurity! is
already quite complete for an isolated and undoped graphene
sheet,53,49 just as it is for smaller aromatic carbon
systems.54,55 This suggests that the addition of charge to the
unoccupied bands will not significantly change this screen-
ing. The latter assertion is supported by the rigid-band-like
shifts of the s-like valence levels and C 1s level of C 60
adsorbed on metal surfaces.56 Since calculation of the
shakeup distribution for this system is beyond present theo-
retical capabilities, we can go no further with this analysis.
2. C 1s in the 232 phase
This section focuses on the characteristic line shape of the
C 1s level in the (232) phase. In Fig. 6, it was seen that a
shoulder at around 1 eV from the maximum peak position
and a broad feature at around 2.7 eV are the main differ-
ences when going from the dispersed to the (232) phase.
Figure 10 displays C 1s spectra, recorded at hn
5350 eV and arbitrarily normalized to equal areas in the
energy window shown. The coverages range from an unsat-
urated dispersed phase to a saturated dispersed phase, a
mixed phase, and finally a (232) phase. Focusing on the
shoulder at 285.5 eV, it is clear that it is not present in the
unsaturated dispersed spectrum, but then grows as the cov-
erage increases until it is quite distinct in the (232) phase.
If we then turn to the feature at 287.5 eV, a similar behavior
is seen where the feature is most pronounced in the (232)
phase. Finally, we note that the main peak position stays
constant at 284.8 eV during the dispersed-to-(232) phase
transformation.
Before we go into detail, two remarks are required. First,
the unsaturated dispersed phase spectrum presented in this
section corresponds to a very small coverage, far below what
we refer to as the saturated phase (0.1 ML). In fact, thebinding-energy shift for the C 1s almost immediately goes to
0.4 eV and then stays there as a function of coverage within
the dispersed phase. Second, we will assume that the spectra
are surface sensitive, arguing in the same way as for the
spectra presented in the preceding section. In fact, the same
line shape and binding energies for the (232) phase were
obtained in surface-sensitive XP spectra (hn51487 eV, not
shown!. Furthermore, an angle-resolved series ~not shown!
of C 1s spectra for the (232) phase was recorded, which
displayed a similar behavior as compared to the series for the
dispersed phase shown in Fig. 7. We thus believe that the
spectra presented in this section are dominated by emission
from the first graphite layer only.
We now attempt to understand the extra features that ap-
pear in the (232) spectra. One possibility would be to as-
sume that the main peak at 284.8 eV is associated with one
carbon site, and the smaller peak at 285.5 eV is a compo-
nent associated with a different carbon site. This is quite
plausible in principle when considering the unit cell for the
(232) phase, shown in Fig. 11. In terms of distances to the
K atoms ~large dots!, two types of carbons exist: nearest-
neighbor ~squares! and next-nearest-neighbor ~small dots! C
atoms, with a ratio of 3:1, equivalent to the required intensity
ratio for a two-component decomposition of the (232) C 1s
spectrum. In addition, the 287.5 eV feature has to be in-
FIG. 10. C 1s spectra for the dispersed-to-(232) phase transi-
tion. The main line position (284.8 eV) remains constant during
the transformation, whereas the shoulder at 285.5 eV and broad
structure at 287.5 eV increase with coverage.
FIG. 11. Unit cell for (232) K/graphite.
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model. Therefore, we tried different curve fits to reveal these
components, but despite using different combinations of,
e.g., asymmetric Voigt profiles and/or templates based on a
dispersed phase spectrum, unsatisfactory results were always
obtained. In particular, in all the fits we obtained a main-to-
shoulder peak ratio on the order of 5:1 rather than of 3:1,
arguing against a site-dependent model.57
These results lead us to an alternative model for the (2
32) C 1s spectrum. The close similarity of the main com-
ponent to the dispersed phase spectrum suggests an explana-
tion in terms of satellites. Figure 12 displays a subtraction of
the dispersed phase spectrum from the (232) spectrum,
where the former is aligned and scaled as carefully as pos-
sible to the latter. The resulting subtracted curve is a broad
distribution starting at around 285.5 eV. We suggest that it
can be explained as solely due to a combination of extrinsic
and intrinsic ~shakeup! loss processes associated with the
presence of the metallic (232) K overlayer. This is consis-
tent with EELS data, for which the (232) phase is charac-
terized by a broad feature between 0.5 and 1.2 eV, together
with the 2.7 eV K surface plasmon.9
That the shift and shape are the same for the (232) as in
the dispersed phase strongly implies that, in terms of the
graphite first-layer charge state, there is no significant differ-
ence when transforming the dispersed to the (232) phase.
This conclusion contradicts previous interpretations of EELS
data for these systems, for which the disappearance of the
charge-carrier plasmon at 0.32 eV associated with the dis-
persed phase was suggested to be due to withdrawal of
charge in the dispersed-to-(232) phase transformation.9 In-
stead, we propose a combination of two possibilities: ~a! the
substrate electrons do not respond to the potential of the
EELS probe electron due to screening by the metallic over-
layer, and/or ~b! the substrate charge-carrier plasmon is
strongly coupled to the electron-hole pair continuum of the
FIG. 12. Comparison between (232) and dispersed phase C 1s
spectra. The difference spectrum suggests an interpretation of the
(232) spectrum in terms of a dispersed spectrum with additional
loss features associated with the (232) metallic overlayer.overlayer, and thus has a much shorter lifetime. Alternative
~a! is strongly supported by, e.g., EELS data for a Na mono-
layer on Al~111!,58 for which at least 80% of the Al surface
plasmon intensity is quenched. The agreement of the shifts
for the C 1s lines and those determined in the valence-band
data suggests that the screening effects in core-level PES are
similar and/or low for both cases, which may be a conse-
quence of the small amount of charge donated per C atom.
Thus we ascribe the discrepancy with EELS estimates of the
charge transfer to screening effects in EELS.
Another ramification of a model in terms of loss processes
concerns the GIC’s. In several cases where the C 1s line has
been studied,16–20 shoulders similar to the 285.5 eV shoul-
der in our spectra appear in some of the published C 1s
spectra, especially for stage-1 compounds ~alternating alkali
and graphite layers!. The origin of the shoulder is often ex-
plained in terms of different C sites, but models based on this
idea seem to have problems reproducing the line shape, as
well as the intensity ratios suggested by structural consider-
ations. In some cases such a shoulder is explained as being
due to sample deterioration. Although the electronic struc-
ture of GIC’s is somewhat different from the present sys-
tems, our results offer two alternative explanations that
should be considered: First, since the samples used for XPS
and UPS studies of GIC’s of necessity are more difficult to
characterize, so that, e.g., it is not always clear what surface
composition is exposed in the cleaving process typically em-
ployed, it is tempting to speculate that a (232)-like alkali
layer, in those cases on the surface of intercalated graphite,
could lead to the observed phenomena; second, since the
intercalate layers have metallic character, there should be a
possibility for loss processes similar to the ones we suggest
for the (232) alkali overlayer.
Finally, by using the rigid band model again, we conclude
this section with an estimate of the charge transfer from each
K atom to the graphite, for the (232) phase. The C 1s shift
is the same as for the saturated dispersed phase, and assum-
ing that the second layer is influenced also for the (232)
phase this yields 83(0.0012e10.0003e)50.012e .
IV. CONCLUSIONS
~a! The C 1s main line binding-energy shift (0.4 eV) and
line shape for the dispersed and the (232) phase are the
same, as are the valence level binding-energy shifts ~also
0.4 eV) relative to clean graphite. It is only for very small
potassium coverages that we observe a C 1s binding-energy
shift of less than 0.4 eV. This implies that the total donated
charge from the potassium to the graphite is almost constant
for all coverages.
~b! Charge transfer is quite small over the entire coverage
range: the fact that the shifts of the C 1s line and valence
band are the same indicates a quite minor role for screening
in determining the binding energy shift of the C 1s line.
Thus, based on the C 1s binding-energy shift in combination
with calculated DOS for clean graphite, we obtain a trans-
ferred charge per K atom to be 0.15e ~Sec. III C 1! and
0.012e ~Sec. III C 2! for the saturated dispersed phase and
the (232) phase, respectively.
~c! For the saturated dispersed phase, we find that charge
is also donated to the second graphite layer, and we assume
PRB 59 8303PHOTOEMISSION STUDY OF K ON GRAPHITEthat this holds also for the (232) phase. The numbers given
above for the charge transfer per K atom are based on these
results.
~d! Further strong evidence ~Sec. III A 2! for the magni-
tude of the charge transfer in the saturated dispersed phase is
given in the 40.8 eV spectrum, where the enhancement at
EF is associated with the p band only; no overlapping K 4s
is detected. Based on a comparison of the shapes of the the-
oretical and experimental valence-region data, the width of
the upper p band is around 0.5 eV. Within the rigid band
model, this band corresponds to the filled region of the pre-
viously unoccupied DOS above the Fermi level, and the the-
oretical value of 0.5 eV fits quite well with the observed
shift of 0.4 eV for the C 1s line and the valence band. This
puts the range of possible charge transfer based on the
present work at 0.15e –0.18e per K atom for the saturated
dispersed phase.
~e! The C 1s line shape in the dispersed phase is attrib-
uted to intrinsic electron-hole-pair excitations. The shift and
the width follow each other in a consistent manner ~more
charge transfer results in a larger shift plus a broader line!.
For the dispersed phase, the shifting and broadening process
saturates at a very low charge transfer. We speculate that the
unique line profile for the dispersed phase arises due to the
semimetal character of graphite and the strong core hole
effects47,49 on the DOS.
~f! The C 1s line shape in the (232) phase can be un-
derstood as being identical to that of the dispersed phase
spectrum, modified by extrinsic losses associated with the
metallic overlayer.~g! The C 1s data in intercalation compounds generally
involve larger shifts ~around 1 eV) and are broader; this is
consistent with the reasoning above, since a greater degree of
charge transfer per K and per C atom is expected. Satellites
similar to those we observe are often observed for these sys-
tems, whose origin has been difficult to establish. Our results
suggest that this may simply be a consequence of the surface
morphology, or due to loss processes within the metallic in-
tercalation layer.
~h! The present results on the charge transfer for cover-
ages less than 0.1 ML are in disagreement with other studies,
in that the numbers we obtain are lower. We have no satis-
factory explanation for this, but note that our results are self-
consistent.
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